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DFT calculationsAbstract Quantum chemical calculations based on DFT method were performed on three quinox-
alines compounds namely ethyl 2-(4-(2-ethoxy-2-oxoethyl)-2-p-tolylquinoxalin-1(4H)-yl)acetate
(Q1), 1-[4-acetyl-2-(4-chlorophenyl)quinoxalin-1(4H)-yl]acetone (Q2) and 2-(4-methylphenyl)-1,4-
dihydroquinoxaline (Q3), used as corrosion inhibitors for copper in nitric acid media to determine
the relationship between the molecular structure of quinoxalines and inhibition efﬁciency. Quantum
chemical parameters such as the highest occupied molecular orbital energy (EHOMO), the lowest
unoccupied molecular orbital energy (ELUMO), energy gap (DE), dipole moment (l), electronegativ-
ity (v), electron afﬁnity (A), global hardness (g), softness (r), ionization potential (I), the fraction of
electrons transferred (DN), and the total energy (TE), were calculated. The theoretically obtained
results were found to be consistent with the experimental data reported.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University.
Open access under CC BY-NC-ND license.1. Introduction
The corrosion of metal surface is translated into great eco-
nomic loss for industry, and one of the most efﬁcient alterna-
tives to protect metals of this phenomenon is the use of
substances (inhibitors) that are adsorbed on the metallic sur-
faces to slow down the cathodic as well as the anodic process
of dissolution on the metal (Mora-Mendoza et al., 2002).
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Figure 1 The molecular structures of the investigated inhibitors.
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of inhibitors to control the destructive attack of acid environ-
ment was found to have widespread applications in many
industries. The inhibition of corrosion of copper in acidic med-
ium by organic inhibitors has been studied in considerable
details (Zarrouk et al., 2010a,b,c; Khalifa et al., 2010;
Khaled et al., 2009a,b; Fouda et al., 2000; Fiala et al., 2007;
El-Naggar, 2000; Lee, 2003; Khodari et al., 2001). The remark-
able inhibitory effect is reinforced by the presence of heteroat-
oms such as sulphur, nitrogen and oxygen in the ring which
facilitates its adsorption on the metal surface following the
sequence O < N< S (Donnelly et al., 1978; Tadros and
Abd-el-Nabey, 1988; Thomas, 1980). It has been reported that
N-containing inhibitors exert their best efﬁciencies in hydro-
chloric acid (Schmitt, 1984). So, the inhibition efﬁciency of
an inhibitor depends not only on the characteristic of the envi-
ronment in which it acts, the nature of the metal surface but
also on the structure of the inhibitor itself which includes the
number of adsorption active centers in the molecule, the
charge density, the molecular size, the mode of adsorption
and the formation of metallic complexes (Chetouani et al.,
2005). Among the various nitrogenous compounds studied as
inhibitors, quinoxalines have been considered as environmen-
tally acceptable chemicals. Many substituted quinoxaline com-
pounds have been recently studied in considerable details as
effective corrosion inhibitors for steel and copper in acidic
media (Zarrouk et al., 2010a,b,c; El Ouali et al., 2010;
Benabdellah et al., 2007; Obot and Obi-Egbedi, 2010a,b;
Obot et al., 2010).
On the other hand, several quantum chemical methods
and quantum-chemistry calculations have been performed in
order to study the molecular structure and the reaction mech-
anisms in order to interpret the experimental results as well as
to solve chemical ambiguities and to correlate the inhibition
efﬁciency to the molecular properties of this type of com-
pounds ().
The structure and electronic parameters can be obtained by
means of theoretical calculations using the computational
methodologies of quantum chemistry. The geometry of the
inhibitor in its ground state, as well as the nature of their
molecular orbitals, HOMO (highest occupied molecular orbi-
tal) and LUMO (lowest unoccupied molecular orbital) are
involved in the properties of activity of inhibitors.The relationships between the structural parameters and
corrosion inhibition of those compounds have not been stud-
ied yet. The objective of this work is to calculate the most rel-
evant molecular properties on its action as inhibition of the
corrosion of three quinoxalines compounds. These properties
are the highest occupied molecular orbital energy (EHOMO),
the lowest unoccupied molecular orbital energy (ELUMO),
energy gap (DE), dipole moment (l), electronegativity (v), elec-
tron afﬁnity (A), global hardness (g), softness (r), ionization
potential (I), the fraction of electrons transferred (DN), and
the total energy (TE). Fig. 1 represents the investigated inhib-
itors: ethyl 2-(4-(2-ethoxy-2-oxoethyl)-2-p-tolylquinoxalin-
1(4H)-yl)acetate (Q1), 1-[4-acetyl-2-(4-chlorophenyl)quinoxa-
lin-1(4H)-yl]acetone (Q2) and 2-(4-methylphenyl)-1,4-dihydro-
quinoxaline (Q3).
2. Theory and computational details
DFT (density functional theory) methods were used in this
study. These methods have become very popular in recent
years because they can reach exactitude similar to other meth-
ods (ab initio, QSAR: Quantitative Structure–Activity Rela-
tionships,. . .) in less time and are cheaper from the
computational point of view. In agreement with the DFT
results, energy of the fundamental state of a polyelectronic sys-
tem can be expressed through the total electronic density, and
in fact, the use of electronic density instead of wave function
for calculating the energy constitutes the fundamental base
of DFT. All calculations were done by GAUSSIAN 03 W soft-
ware (Frisch, 2003), using the B3LYP functional (Zhang et al.,
2005; Lashgari et al., 2005) and a 6-31G* basis set (Lashgari
et al., 2005). The B3LYP, a version of DFT method, uses
Becke’s three-parameter functional (B3) and includes a mix-
ture of HF with DFT exchange terms associated with the gra-
dient corrected correlation functional of Lee, Yang, and Parr
(LYP) (Zhang et al., 2005; Lashgari et al., 2005). The geometry
of all species under investigation was determined by optimizing
all the geometrical variables without any symmetry con-
straints. Frontier molecular orbitals (HOMO and LUMO)
may be used to predict the adsorption centers of the inhibitor
molecule. For the simplest transfer of electrons, adsorption
should occur at the part of the molecule where the softness,
Table 1 Gravimetric results of copper in 2 M HNO3 without
and with addition of inhibitors at 303 K (Zarrouk et al.,
2010a,b,c).
Conc (M) Q1 Q2 Q3
Ew (%) Ew (%) Ew (%)
Blank – – –
103 96.98 91.76 82.76
5 · 104 95.98 85.87 78.65
104 91.24 73.82 68.45
5 · 105 58.37 50.96 51.12
105 29.49 24.89 21.56
106 24.14 19.67 14.89
452 A. Zarrouk et al.r, which is a local property, has the highest value. According
to Koopman’s theorem (Sastri and Perumareddi, 1996), the
energies of the HOMO and the LUMO orbitals of the inhibi-
tor molecule are related to the ionization potential, I, and the
electron afﬁnity, A, respectively, by the following relations:
I= EHOMO and A= ELUMO. Absolute electronegativity,
v, and absolute hardness, g, of the inhibitor molecule are given
by (Pearson, 1988). v ¼ IþA
2
and g ¼ IA
2
. Softness is the inverse
of hardness: r ¼ 1g. The obtained values of v and g are used to
calculate the fraction of the electron transferred, DN, from the
inhibitor to metallic surface as follow (Martinez, 2002):
DN ¼ vCuvinh
2ðgCuþginhÞ. Using a theoretical value, vCu = 4.48 eV/molFigure 2 The obtained molecular structures, HOMO and LUMOand value of gCu = 0 eV/mol for copper according to Pear-
son’s electronegativity scale assuming that for a metallic bulk
I= A, because they are softer than neutral metallic atoms
(Pearson, 1988).
3. Results and discussion
In our previous studies, we have focused more on the applica-
tion of the quinoxalines compounds and their derivatives as
corrosion inhibitors for copper (Zarrouk et al., 2010a,b,c).
The classiﬁcation of these inhibitors according to their inhibi-
tion efﬁciency is: Q1 > Q2 > Q3.
Table 1 summarized the inhibition efﬁciency (E%) obtained
by the addition of Q1, Q2 and Q3 at different concentrations
on the corrosion of copper in 2 M HNO3 solution determined
by weight loss at 1 h.
It was found that the inhibition efﬁciency may be based on
the molecular structure of inhibitors, the substitution of two
hydrogen atoms of nitrogen of Q3 by two ester groups (CH2-
COOCH2CH3) in Q1 has a major role in adsorption by
increasing of the E% from 82.76% to 96.98% at 103 M. On
the other hand, the replacement of the methyl group in Q1
by the chloride atom in Q2 in the para position provokes a
decrease of efﬁciency.
Accordingly, quantum chemical calculations were per-
formed to investigate the structural parameters that affectof the neutral inhibitor molecules by DFT/B3LYP/6-31G*(d).
Table 2 The calculated quantum chemical parameters of the studied quinoxalines.
Parame`tres quantiques Q1 Q2 Q3
EHOMO (eV) 4.8066 5.0645 4.0708
ELUMO (eV) 0.695 1.28607 0.5269
DEgap (eV) 4.1716 3.778 3.543
l (debye) 3.0849 2.6660 0.9198
Ew (%) 96.98 91.76 82.76
I= EHOMO (eV) 4.8066 5.0645 4.0708
A= ELUMO (eV) 0.695 1.28607 0.5269
v ¼ IþA2 (eV) 2.7508 3.17528 2.29885
g ¼ IA2 (eV) 2.0558 1.88921 1.77195
r ¼ 1g 0.48643 0.52932 0.56435
DN ¼ vCuvinh2ðgCuþginhÞ 1.77744 1.23245 1.93244
TE (eV) 1263.220327 1454.4008878 689.5219132
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structures of the inhibitors were calculated by the optimization
of their bond length. The optimized molecular structures with
minimum energies obtained from the DFT calculations are
given in Fig. 2.
Quantum chemical parameters are obtained from the calcu-
lations which are responsible for the inhibition efﬁciency of
inhibitors such as the energies of highest occupied molecular
orbital (EHOMO), energy of lowest unoccupied molecular orbi-
tal (ELUMO), energy gap (DE), dipole moment (l), electroneg-
ativity (v), electron afﬁnity (A), global hardness (g), softness
(r), ionization potential (I), the total energy (TE) and the frac-
tion of electrons transferred from the inhibitor to copper sur-
face (DN), are collected in Table 2.
The energy of HOMO is often associated with the electron-
donating ability of a molecule; high values of EHOMO are likely
to indicate a tendency of the molecule to donate electrons to
appropriate acceptor molecules with low energy and empty
molecular orbital. Therefore, the energy of LUMO indicates
the ability of the molecule to accept electrons (Larabi et al.,
2005; Lukovits et al., 2001). So, the lower the value of ELUMO,
the more probable that the molecule accepts electrons. The
binding ability of the inhibitor to the metal surface increases
with increasing of the HOMO and decreasing of the LUMO
energy values. So when we compared the two compounds Q1
and Q2 which have the same skeleton, the calculations show
that the compound Q1 has the highest HOMO level atFigure 3 Correlation diagram of frontier molecular orbitals for
the investigated inhibitors and their calculated DE (eV).4.80 eV and the lowest LUMO level at 0.695 eV compared
to the obtained parameters for Q2 (5.06 eV, 1.28 eV). This
can explain that the highest inhibition efﬁciency of Q1 is due to
the increasing energy of the HOMO and the decreasing energy
of the LUMO. This is in good agreement with the experimen-
tal observations suggesting that the compound Q1 has the
highest inhibition efﬁciency. The analysis of Fig. 2 shows that
the density for the three quinoxalines HOMO is mainly distrib-
uted throughout the cycle quinoxaline. The LUMO density is
mainly localized on the ring substituted by Cl and CH3, respec-
tively, for Q1 and Q2. However for compound Q3, the LUMO
is distributed throughout the cycle quinoxaline.
Fig. 3 summarizes a schematic of diagrams of frontier
molecular orbitals for the investigated inhibitors to their esti-
mated energy gap DE. Inhibition of corrosion is generally
interpreted by adsorption of inhibitor molecules onto the
metal surface. Two modes of adsorption can be envisaged.
The physical adsorption requires the interaction of electrically
charged metal surface and charged species in the bulk of the
solution. Chemisorption mode implies charge sharing or
charge transfer from the inhibitor molecule to the vacant orbi-
tals of the metal having low energy. The effect of temperature
on the efﬁcacy of quinoxalines and adsorption parameters
showed that physisorption phenomenon is more favored
(Zarrouk et al., 2010a,b,c). In this work, Q1, Q2 and Q3
showed good inhibitory effect against the corrosion of copper
in 2 M HNO3. Q1 is considered to be more effective. The
results obtained show that the compound Q1 has a higher
DEgap. This parameter provides a measure for the stability of
the formed complex on the metal surface. The lower the value
of DE the higher the stability for the formed complex. The
value of DEgap for Q1, Q2 and Q3 are 4.1716, 3.778 and
3.543 eV, respectively. Even in the literature the correlation
between DEgap and inhibition efﬁciency is often cited. Our the-
oretical results indicate that no signiﬁcant relationship was
detected between DEgap and inhibition efﬁciency.
The number of electrons transferred (DN) was also calcu-
lated. The values of DN showed that the inhibition efﬁciency
resulting from electron donation is agreeing with Lukovits’s
study (Lukovits et al., 2001). If DN< 3.6, the inhibition efﬁ-
ciency increases by increasing the electron-donating ability to
the metal surface and the order by which the ability of these
inhibitors to donate electrons to the metal surface increase is:
Q1 > Q2. The values of DN indicate trends within a set of
molecules, but their absolute value might not correspond to
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Figure 4 Correlation between the dipole moments (l) and the
inhibitory efﬁciencies of quinoxalines compounds.
454 A. Zarrouk et al.reality. DN values are not exactly the number of electrons leav-
ing the donor and entering the acceptor molecule. On the other
hand, the most widely used parameter to describe the polarity
is the dipole moment of the molecule (Kikuchi, 1987). Dipole
moment is the measure of the polarity of a polar covalent
bond. It is deﬁned as the product of charge on the atoms
and the distance between the two bonded atoms. The total
dipole moment, however, reﬂects only the global polarity of
a molecule. For a complete molecule the total molecular dipole
moment may be approximated as the vector sum of individual
bond dipole moments. The theoretical study has shown that
the dipole moment is well correlated with the inhibition efﬁ-
ciency (Fig. 4). Indeed, the inhibition efﬁciency increases with
increasing dipole moment.
4. Conclusion
From the obtained results and by using the DFT calculations,
the inhibition efﬁciency of some quinoxalines is investigated
that leads to the following conclusions:
 Using the B3LYP/6-31 G(d) method, the inhibition efﬁ-
ciency of four substituted quinoxaline compounds may be
correlated to their molecular structure.
 The calculated dipole moments show reasonably good cor-
relation with the efﬁciency of corrosion inhibition and no
signiﬁcant relationship was found with the other parame-
ters, Gap, softness and hardness.
 When we compared the two compounds Q1 and Q2 which
have the same skeleton, the calculations show that the com-
pound Q1 has the highest HOMO level and the lowest
LUMO level compared to obtained parameters for Q2. This
can explain that the highest inhibition efﬁciency of Q1 is
due to the increasing energy of the HOMO and the decreas-
ing energy of the LUMO. This is in a good agreement with
the experimental observations suggesting that the com-
pound Q1 has the highest inhibition efﬁciency.
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